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Wilms’ tumor (WT) has been considered a prototype
for arrested cellular differentiation in cancer, but pre-
vious studies have relied on selected markers. We
have now performed an unbiased survey of gene ex-
pression in WTs using oligonucleotide microarrays.
Statistical criteria identified 357 genes as differen-
tially expressed between WTs and fetal kidneys. This
set contained 124 matches to genes on a microarray
used by Stuart and colleagues (Stuart RO, Bush KT,
Nigam SK: Changes in global gene expression pat-
terns during development and maturation of the rat
kidney. Proc Natl Acad Sci USA 2001, 98:5649–5654) to
establish genes with stage-specific expression in the
developing rat kidney. Mapping between the two data
sets showed that WTs systematically overexpressed
genes corresponding to the earliest stage of meta-
nephric development, and underexpressed genes
corresponding to later stages. Automated clustering
identified a smaller group of 27 genes that were
highly expressed in WTs compared to fetal kidney
and heterologous tumor and normal tissues. This sig-
nature set was enriched in genes encoding transcrip-
tion factors. Four of these, PAX2 , EYA1 , HBF2 , and
HOXA11 , are essential for cell survival and prolifera-
tion in early metanephric development, whereas oth-
ers, including SIX1 , MOX1 , and SALL2 , are predicted
to act at this stage. SIX1 and SALL2 proteins were
expressed in the condensing mesenchyme in normal
human fetal kidneys, but were absent (SIX1) or re-
duced (SALL2) in cells at other developmental stages.
These data imply that the blastema in WTs has pro-
gressed to the committed stage in the mesenchymal-
epithelial transition, where it is partially arrested in
differentiation. The WT-signature set also contained
the Wnt receptor FZD7 , the tumor antigen PRAME ,
the imprinted gene NNAT and the metastasis-associ-
ated transcription factor E1AF. (Am J Pathol 2002,
160:2181–2190)

Wilms’ tumor (WT) is a common pediatric malignancy that
recapitulates the histology of the nephrogenic zone of the
growing fetal kidney, and it has long been viewed as a
prototype of differentiation failure in human neoplasia.2,3

Certain developmentally regulated genes have already
been examined in these tumors. Notable among these
are PAX2, which is essential for kidney development,4–6

and which is expressed in WTs,7,8 and the WT1 tumor
suppressor, which is also essential for kidney develop-
ment,9 and which may function downstream of PAX2.10–14

To gain a more complete view of gene expression in
WTs, we have performed an unbiased survey using oli-
gonucleotide microarrays. We sought to identify first a
large set of genes that are differentially expressed be-
tween WTs and control fetal kidneys and, second, a
smaller and more specific subset of genes that are highly
expressed in WTs relative to additional control tissues,
including a histologically unrelated type of cancer. The
results from the first screen statistically confirm the no-
tion, previously based on histology and analysis of se-
lected genes, that cells in WTs are arrested at an early
stage of fetal kidney development. The identities of the
smaller subset of WT signature genes emphasize high
expression in WTs of genes that are essential for kidney
formation and that act at the earliest committed stage in
the mesenchymal-epithelial transition.

Materials and Methods

Tissues

WTs were an unselected series of primary nonsyndromic
tumors resected at Babies Hospital of Columbia Univer-
sity. None of the WTs were anaplastic. Cryopreserved
samples of these tumors, control fetal tissues (16- to
22-week gestations), primary Burkitt lymphomas (BLs),
and pulmonary adenocarcinomas were obtained from the
Columbia University Cancer Center Tissue Bank. The BL
cell lines were from the American Type Culture Collection
(Rockville, MD).
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Microarrays and Probes

HG-U95A GeneChips (Affymetrix, Santa Clara, CA),
which query �10,000 genes (12,000 probe sets), were
used for all analyses. The cRNA probes were synthesized
as recommended by Affymetrix. Briefly, total RNA was
isolated in two steps using Trizol (Invitrogen, Carlsbad,
CA), followed by RNeasy (Qiagen, Valencia, CA) purifi-
cation. Double-stranded cDNA was generated from 5 �g
of total RNA using a polydT oligonucleotide that con-
tained a T7 RNA polymerase initiation site and the Super-
script Choice System Kit (Invitrogen). cDNA was phenol/
chloroform extracted. Biotinylated cRNA was generated
by in vitro transcription using the Bio Array High Yield
RNA Transcript Labeling System (Enzo, Farmingdale,
NY). The cRNA was purified using RNeasy. cRNA was
fragmented according to the Affymetrix protocol, and 15
�g of biotinylated cRNA were hybridized to U95A mi-
croarrays (Affymetrix). After scanning, the expression val-
ues for each gene were determined using Affymetrix
GeneChip software version 4.0.

Data Analysis

Two software packages, GeneSpring (Silicon Genetics,
Redwood City, CA) and Genes at Work, which utilizes the
Structural Pattern Localization Analysis by Sequential His-
tograms, SPLASH, algorithm,15,16 were used for analyzing
the GeneChip data. Simple statistical and expression
value cutoffs were done using the filter functions of Gene-
Spring. The GeneTree function, a hierarchical clustering
tool in GeneSpring that creates dendrograms of genes
based on the extent of relatedness of their expression
patterns, was used for nonsupervised clustering. Super-
vised clustering of the initial set of differentially expressed
genes was done using the pattern discovery algorithm of
Genes at Work,15 as previously described.17 For the ini-
tial screen using GeneSpring (derivation of sets A and B),
only those genes that gave consistent Affymetrix pres-
ence calls in the GeneChip data for both the WTs and the
fetal kidneys (at least five of six samples with presence
calls) were analyzed. The Genes at Work algorithm, used
for deriving the smaller set of WT signature genes, ac-
cepted all data, including Affymetrix absence calls.
Among the WT signature genes, tissue samples for which
particular probe sets gave absence calls were invariably
control tissues with very low absolute signals for these
probe sets. However, no significant differences were
seen between the overall percentage of absence calls
(all genes on the microarray) among the different tissues.

Northern Blotting

Total RNA from WTs and fetal kidneys, prepared using
Trizol reagent (Invitrogen), was resolved on formalde-
hyde-containing agarose gels and transferred to Nytran
membranes (Schleicher and Schuell, Keene, NH). Probes
for Northern blotting were partial cDNAs prepared by re-
verse transcriptase-polymerase chain reaction using gene-
specific primers. Hybridization was in ULTRAhyb buffer
(Ambion, Austin, TX) at 42°C degrees. Probes were

stripped by boiling the membranes in 0.1% sodium dodecyl
sulfate/0.1� standard saline citrate solution for 10 minutes,
or were allowed to decay without stripping.

Immunohistochemistry

Sections of WTs and fetal kidneys were deparaffinized in
two changes of xylene for 5 minutes each. Sections were
hydrated through graded ethanols. Antigen retrieval was
performed in 1 mmol/L of ethylenediaminetetraacetic
acid buffer by boiling the slides in a microwave oven for
8 minutes at the maximum power and, sequentially, boil-
ing for 15 minutes at a reduced power. Endogenous
biotin was blocked by two steps of incubation for 10 to 20
minutes with egg white and 5% skim milk in 1� Tris-
buffered saline (TBS) containing 0.5% bovine serum al-
bumin and 0.1% NaN3, respectively. Between the two
blocking step for biotin, slides were treated with 0.3%
hydrogen peroxide in 0.1% NaN3 to block endogenous
peroxidase activity. Slides were washed three times in
1� TBS buffer containing 0.1% Tween-20 (TBS-T) and
then incubated with 5% of the blocking serum for 30
minutes in a humidified chamber. After three TBS-T
washes, slides were hybridized with polyclonal antipep-
tide antibodies against SIX1 (Santa Cruz Biotechnology,
Santa Cruz, CA), PAX2/8 (Santa Cruz), or SALL2 (Ce-
Mines, Evergreen, CO) at room temperature overnight.
After washing in TBS-T, slides were incubated with bio-
tinylated secondary antibodies (Vector Laboratories, Bur-
lingame, CA) for 30 to 40 minutes at room temperature.
Antigen-antibody complexes were developed by the
Vectastain ABC kits (Vector Laboratories) and a chromo-
genic substrate, diaminobenzidine (DAKO, Carpinteria,
CA). Sections were counterstained with hematoxylin.

Results

Genes Differentially Expressed between WTs
and Fetal Kidneys

Nephrogenesis is an ongoing process, in which recipro-
cal inductive interactions of branches of the ureteric bud
with overlying metanephric mesenchyme are played out
repeatedly as the uretic system ramifies and the kidney
grows.3,14 Mid-gestation fetal kidneys are therefore a
composite of fully differentiated, differentiating, and un-
differentiated cells, and gene expression in whole fetal
kidney is an average over these cells. WTs are more
homogeneous, but these neoplasms can also contain a
spectrum of cell types, which are classified as blastemal,
epithelial, and stromal. Despite this heterogeneity, we
reasoned that an initial WT versus whole fetal kidney
comparison could be useful in eliminating a large number
of genes whose average expression did not differ be-
tween these two sources, and identifying sets of differ-
entially expressed genes. Genes found to be overex-
pressed in WTs by this comparison might reflect either
pathological overexpression on a per-cell basis, or stage-
appropriate expression in a cell type that is numerically
overrepresented in WTs. Both types of net overexpres-
sion are potentially interesting, and the latter category
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might be informative concerning the stage at which the
primitive-appearing blastemal cells in WTs are blocked in
their ability to differentiate.

We therefore first performed microarray analysis with
cRNA probes from six sporadic (nonsyndromic) WTs,
using six whole mid-gestation (16 to 22 weeks) fetal
kidneys as the comparison group. We used simple sta-
tistical and expression value criteria to select an initial set
of differentially expressed genes (Figure 1). This pro-
duced a set of 357 differentially expressed genes, rep-
resented by 396 oligonucleotide probes. Clustering using
the GeneTree function of GeneSpring yielded two clades,
with 168 genes more highly expressed in WTs than in
fetal kidneys (set A), and 189 genes more highly ex-
pressed in fetal kidneys than in WTs (set B). To verify the
accuracy of the microarray data, we performed Northern
blotting of total RNAs from WTs and fetal kidneys and
hybridized the blot successively with cDNA probes for six
genes that showed various expression patterns. The
Northern blotting results for each gene correlated well
with the microarray data (Figure 2).

We next mapped our initial set of differentially ex-
pressed genes to all genes on the RG-U34A Affymetrix
microarray that was previously used by Stuart and col-
leagues1 in a study of normal kidney development in the
rat. These authors queried gene expression in whole rat
kidneys at seven successive stages of development,
from 13 days postcoitum (dpc) to adulthood. Although
the developing kidney is a heterogeneous mixture of cell
types at each of these stages, the less differentiated
cellular populations predominate at the early stages. Stu-
art and colleagues1 used statistical criteria to establish
five clusters of genes (group 1 to group 5) with charac-
teristic temporal patterns of expression. In their classifi-
cation, group 1 genes are highly expressed at the earliest
stage examined, 13 dpc, a stage at which the ureteric
bud has first contacted the metanephric mesenchyme,
and decline in expression thereafter. Genes in the other

groups peak in their expression at progressively later
stages: for example, group 2 genes reach their highest
expression between 17 dpc and 19 dpc, whereas group
4 genes become highly expressed only at birth (21 dpc)
and group 5 genes show high expression only in fully
mature adult kidneys.1 We used the FASTA search algo-
rithm as implemented in the Genetics Computer Group
(GCG) package,18,19 to query a database of all genes
represented on the U34A GeneChip with each of the 357
differentially expressed genes in our initial set. Of these
357 genes, 124 had convincing matches by stringent
criteria (E score, �40; Z-score, �800, with evidence of
orthology from inspection of the gene annotations)
among the rat genes represented on the U34A Gene-
Chip. Of these, 81 genes fell into groups 1 to 5, whereas the
remainder were not detected by Stuart and colleagues1 as
varying significantly during development and so were not
assigned to groups. Genes in our set A (high in WTs) fell
overwhelmingly into group 1 (42 of 45 genes; 93%; Figure
3A), whereas genes in set B (low in WTs) fell predominantly
into groups 2 to 5 (34 of 36 genes; 94%; Figure 3A). That the
expression of these genes was generally consistent among
the different WT cases, and among the fetal kidney controls,
is shown in Figure 3B.

We next classified the differentially expressed genes
according to known or predicted function, by reviewing
sequence information and the associated scientific liter-
ature using public databases (http://www.ncbi.nlm.nih.
gov/). We annotated each of the genes in set A and set B,
and assigned them to categories similar to those used by
Stuart and colleagues.1 This showed that genes involved
in DNA synthesis or metabolism (including repair), regu-
lation of the cell cycle, and RNA metabolism were greatly

Figure 1. Strategy for analyzing gene expression in WTs. For a gene to be
included in set A or set B, we first required a value of P � 0.001 by a
chi-square test for differential expression between the WTs and the control
fetal kidneys. We additionally required a normalized expression value of
�1.5 relative to the experiment mean in at least three samples, either WTs or
fetal kidneys.

Figure 2. Validation of the GeneChip data by comparisons with Northern
blotting. Left: A single Northern blot was successively hybridized with cDNA
probes for the indicated genes. Right: The GeneChip expression data (nor-
malized to the experiment mean) are displayed with the same order of
samples. EtBr, ethidium bromide stain of the Northern gel showing 28S and
18S ribosomal RNAs.
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overrepresented in set A, whereas genes involved in
several other functions were overrepresented in set B
(Figure 4; gene identities in supplementary data, http://
icg.cpmc.columbia.edu/tycko/data/). The results in terms
of DNA synthesis or metabolism and regulation of the cell
cycle confirm the intuitive expectation that proliferating
tumor cells should overexpress genes in these catego-
ries, whereas the data for RNA metabolism are less intu-
itively obvious. But for all three categories, our data
closely parallel those of Stuart and colleagues,1 who
found that genes involved in DNA synthesis or metabo-
lism, regulation of the cell cycle, and RNA metabolism,

are overexpressed in the earliest stage of metanephric
kidney development. Overall, these data from an unbi-
ased screen substantiate the notion, which has previ-
ously been based on histology and selected markers,
that the cells in WTs are, on average, arrested in their
differentiation at a point corresponding to an early stage
of development of the metanephric kidney.

Derivation of WT Signature Genes

To derive a smaller set of genes that might give more
precise information about the phenotype of WTs, we
sought to screen-out those genes that were highly ex-
pressed as a nonspecific consequence of cellular prolif-
eration. To do this, we added microarray data from a
heterologous (histologically unrelated) highly proliferative
tumor type, BL. We obtained data from a series of four
primary BLs and four BL cell lines. To eliminate any
genes with nonspecific housekeeping functions that may
have persisted after the initial WT/fetal kidney screening,
we also added heterologous normal control tissues: pe-
ripheral blood leukocytes from four healthy individuals,
and six mid-gestation fetal hearts. Automated nonsuper-
vised clustering (GeneTree function of GeneSpring) of
the initial set of differentially expressed genes (set A and
set B) according to their expression in these different
tissues yielded patterns that clearly distinguished each
type of tumor and normal tissue (Figure 5A).

More importantly, it was evident from the GeneTree
display that a substantial proportion of genes in set A
(high in WTs) were in fact highly expressed in the primary
BLs and in the BL cell lines (Figure 5A). In fact, exami-
nation of the composition of clusters containing the genes
that were simultaneously high in WT and in BL showed
that they contained all of the genes that fell into the DNA
synthesis/repair and cell cycle categories, as well as
other genes that are known to be markers of cellular
proliferation. A few examples are Ki67 antigen, CDK2,
cyclin B, Ku80 DNA-binding protein, and several kinesin
genes. This confirmed the expectation that most of these
genes would be nonspecific markers of cellular prolifer-
ation. A smaller percentage of the genes in set A were
highly expressed in fetal heart and/or in peripheral blood
leukocytes, but as expected these control tissues tended
instead to express genes from set B (Figure 5A).

Given these observations, we were confident that we
had chosen a useful combination of control tissues. We
therefore used a supervised learning algorithm in the
Genes at Work package,16 to rank all genes based on the
difference in their expression between WTs and these
control tissues. The 30 probe sets with the highest Z-
scores (measure of probability) included 29 genes, with 1
gene (CRABP2) identified by two different probe sets.
When this set was examined in an expanded series of
WTs and fetal kidneys (six additional WTs and three
additional fetal kidneys), all but 2 of the 29 genes showed
significantly higher expression in the additional WTs com-
pared to the control tissues. The resulting 27 WT signa-
ture genes, which we refer to as set C, are shown in
Figure 5B and listed in Table 1. In addition to the positive
validation of these genes in additional WTs, as a further

Figure 3. Correlation of gene expression in WTs with normal kidney devel-
opment in the rat. A: Genes identified in the current study that mapped to
genes identified by Stuart and colleagues.1 Genes that are more highly
expressed in WTs than in whole fetal kidneys map predominantly to the
earliest group of Stuart and colleagues,1 whereas genes that are expressed at
lower levels in WTs than in fetal kidneys map to the later groups. B:
Graphical representations (GeneTree function, GeneSpring) showing the
uniformity of relative overexpression or underexpression across multiple
genes and multiple samples. Genes are arrayed along the x axis; WT and fetal
kidney samples are shown on the y axis. Gene expression is automatically
color-coded with red indicating higher and blue lower expression. Gray indi-
cates Affymetrix absence calls. The group 1 matches are nearly all more highly
expressed in WTs, whereas the group 4 matches are nearly all more highly
expressed in fetal kidneys. Color range is set at 1 � normal, 6 � maximum.

Figure 4. Functional categories of genes differentially expressed between
WTs and fetal kidneys. The categories are: 1, DNA synthesis or metabolism
(including repair); 2, cell cycle regulation (including mitotic spindle); 3, RNA
metabolism (not including transcription factors); 4, transcriptional regulation
(including transcription factors); 5, cell signaling; 6a, protein metabolism
nonproteolytic; 6b, protein metabolism proteolytic; 7, small molecule me-
tabolism (enzymes); 8, small molecule transport; 9, extracellular matrix,
adhesion, and serum proteins; 10, intracellular trafficking; 11, energy me-
tabolism; 12, cytoskeleton (not including mitotic spindle); 13, protection
against oxidative stress; 14, unknown function.
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test of specificity we examined their expression in mi-
croarray data from one case of a related but distinct type
of pediatric kidney tumor, cystic differentiating nephro-
blastoma. This case showed a distinct pattern of gene
expression, with nine of the set C genes silent, and sev-
eral others detected only at low levels (Figure 5B).

Identities of WT Signature Genes

Set C was depleted for genes that are involved directly in
the general functions of DNA replication and repair and

cell-cycle control, but it was enriched for genes encoding
transcription factors. The fraction of human-coding se-
quences devoted to transcription factors has been esti-
mated at 6% based on genomic sequencing.20 Of the
genes in set A, 12% encoded known transcription fac-
tors, but 41% of genes in set C (11 of 27) were in this
category (Figure 5B and Table 1). As discussed in detail
below, many of the 11 transcription factor genes in set C
are informative as developmental markers. Four of these
genes, PAX2, EYA1, HBF2, and HOXA11 have been pre-
viously shown to be essential for metanephric develop-

Figure 5. Derivation of WT signature genes. A: Nonsupervised clustering (GeneTree function of GeneSpring) of the 357 genes that were initial identified as
differentially expressed between WTs and fetal kidneys. Many of the high in WT/low in fetal kidney genes are also high in the BLs. The color range is normal �
1, maximum � 6. All data are included, with absence calls represented by pure blue. B: WT signature genes. The 27 highest-scoring genes identified by SPLASH
are shown here, after clustering using the GeneTree function of GeneSpring (columns 1 and 2 are two probe sets both identifying CRABP2). The identities of
these genes are in Table 1. Tissues are: AdenoCA, pulmonary adenocarcinoma (six primary tumors); BL, Burkitt lymphoma (four primary tumors and four cell
lines); FHt, mid-gestation fetal hearts (six samples); Wbc, normal peripheral blood (four samples); FKi, mid-gestation fetal kidneys (six samples in A and the same
six samples below the dividing line in B, with three additional fetal kidneys above the line); CDN, differentiating cystic nephroblastoma (one case); WT, (six WTs
in A and the same six WTs below the dividing line in B, with six additional WTs above the line). Tissues used for analysis by Genes at Work are bracketed; the
adenocarcinomas were not included in deriving the WT signature genes. The genes in set C were identified by SPLASH using only data from the samples shown
in A. The additional WTs and fetal kidneys, above the dividing lines, therefore validate the signature set. The differentiating cystic nephroblastoma shows a distinct
pattern of gene expression. Because the data are normalized to all tissues, displaying the WT and fetal kidney samples alone (top) emphasizes the differences
between them, while displaying these samples together with the heterologous tissues highlights their close affinity. Color ranges are set at 1 � normal, 6 �
maximum (top) and 2 � normal, 10 � maximum (bottom). C: Differential expression of genes in the HOX-, FZD-, EYA-, and SIX-families. Microarray data are
normalized to the experiment mean. Each bar represents the value for a single sample. BL, Burkitt lymphoma (eight samples); FHt, fetal heart (six samples); Wbc,
peripheral blood leukocytes (four samples); FKi, fetal kidney (nine samples); WT, Wilms’ tumor (12 samples). The vertical dash indicates the single case of
differentiating cystic nephroblastoma.
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ment in mice and/or humans.5,6,21–25 A fifth gene in set C,
SALL2, has not been previously implicated in kidney
development, but it is homologous to SALL1, encoding a
Spalt-family transcription factor that is essential for nor-
mal kidney development in mice and humans.26,27 Some
of the other transcription factor genes in set C are also
likely to function in kidney development and, as dis-
cussed below, two of them, MOX1 and SIX1 are known to
act in the PAX/EYA pathway.

Additional genes in set C, not encoding transcription
factors, are also likely to participate in the formation of the
metanephric kidney. Signaling by Wnt-family proteins,
including Wnt-4, is essential for the epithelial conversion
of the metanephric mesenchyme.28 This occurs via inter-
action of Wnt ligands with one or more Frizzled-family
receptors, and the FZD7 (Frizzled-7) gene, in set C, is a
candidate for this function. Interestingly, Wnt signaling is
essential for appropriate expression of a chicken Spalt-
family protein, cSal1.29 Other genes in set C have un-
known functions. One of these, neuronatin (NNAT), is
subject to genomic imprinting, such that it is expressed
only from the paternal allele.30 This gene, which encodes
a proteolipid, produces abundant mRNA in various fetal
tissues, but is silenced on differentiation of neurons and
other cell types.30,31

The FZD7 gene, like HOXA11, SIX1, and EYA1, belongs
to a family with multiple members, so we asked whether
the microarray data could give some indication of spec-
ificity within these gene families. Using selected genes on
the Hu95A array that gave consistent presence calls in
one or more tissue type, it was possible to compare the
expression patterns of HOXA11 and HOXA9 versus HOX7,
SIX1 versus SIX3 and SIX9, EYA1 versus EYA3 and EYA4,

and FZD6 versus FZD7 (Figure 5C). These comparisons
confirmed the specificity of the overexpression of
HOXA11, HOXA9, SIX1, EYA1, and FZD7 in the WTs.

Many of the set C genes are transcribed at detectable
levels in fetal kidneys, whereas few are detected in the
heterologous controls (Figure 5B). This confirms the intu-
ition that there should be a close relationship between the
fetal kidney and WT. However, three genes in set C,
E1AF, PRAME, and APOCI, differed from the others in that
they were expressed at high levels in WTs, but were
undetectable in the normal fetal kidneys. These genes
are less likely to have roles in kidney development, and
more likely to be overexpressed because of neoplastic
transformation per se. E1AF encodes an Ets-family tran-
scription factor that is overexpressed in several types of
metastatic tumor cell lines,32,33 and PRAME encodes a
cell surface antigen that is highly expressed in melano-
mas and acute leukemias.34,35 APOCI produces a serum
apolipoprotein. Although not expressed in BL, these
genes are frequently expressed in other tumor types, as
confirmed by high signals seen in our microarray data
from a series of pulmonary adenocarcinomas (Figure
5B), and by queries of the Unigene database (http://
www.ncbi.nlm.nih.gov/unigene). Several of the adenocar-
cinomas also expressed SIX1 (see Discussion).

Distribution of SIX1 and SALL2 Proteins in Fetal
Kidneys and WTs

The relative overexpression of particular genes in WTs
compared to whole fetal kidneys might reflect either a
uniform difference in expression on a per-cell basis, or a

Table 1. Genes in Set C

Figure 5b Probe set Gene product Symbol GenBank

1 1057_at Retinoic acid-binding protein II CRABP2 M97815
2 41783_at Retinoic acid-binding protein II CRABP2 M97815
3 36010_at Mox1 homeodomain protein MOX1 U10492
4 39051_at Neuronatin alpha and neuronatin beta NNAT U31767
5 37605_at Pro-alpha1 type II collagen COL2A1 L10347
6 1058_at Brush-1; Was-family protein WASF3 S69790
7 40292_at DBCCR1; IB3089A; retinoic acid inducible DBCCR1 AF027734
8 33222_at Frizzled-7 FZD7 AB017365
9 37567_at Zinc finger protein, Hsal2; KIAA0360 SALL2 X98834

10 37809_at Homeobox gene; HOXA9 HOXA9 U41813
11 33248_at EST matching HOXA11 HOXA11 H94842
12 38184_at Pax2 paired box protein PAX2 M89470
13 38952_s_at Alpha-2 type IV collagen COL4A2 M33653
14 35396_at Hyaluronan synthase HAS2 U54804
15 37073_at EYA1C: eyes absent homolog 1 EYA1 AJ000098
16 38749_at G-protein coupled receptor GPR39 GPR39 AI936826
17 40358_at DNA-binding protein GLI3 GLI3 M57609
18 35200_at HMGI-C high-mobility group factor HMGIC X92518
19 37283_at MGCR gene, protein of unknown function MGCR1, MN1 X82209
20 37630_at Chordin-like gene; Unigene Hs.82223 (not assigned) AL049176
21 38853_at HE6; seven transmembrane-domain receptor HE6 X81892
22 38545_at Inhibin beta, B-subunit INHBB M31682
23 40004_at SIX1 protein; homeobox protein SIX1 X91868
24 41395_at Keratan sulfate Gal-6-sulfotransferase CHST1 AB003791
25 31946_s_at HBF-2 forkhead-family transcription factor HBF2 X74143
26 2084_s_at E1A-F; Ets-family transcription factor E1AF D12765
27 157_at PRAME-1 tumor antigen PRAME U65011
28 41764_at EST similar to APOCI APOCI AA976838
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greater numerical abundance of a particular type of cell
in the WTs that might be present as minor cell population
in fetal kidneys. Because we suspected that most of the
genes in set C would fall into the latter category, we
assessed the tissue distribution of SIX1 and SALL2 pro-
teins in sections of WTs and normal fetal kidneys. For
SIX1, the expression in fetal kidney was highly specific for
the condensing mesenchyme, which was seen closely
apposed to the tips of the ureteric bud branches (Figure
6A). These cells have received and responded to an
inductive signal from the ureteric bud epithelium, but they
do not yet show morphological transformation into epi-
thelial structures. As expected based on previous stud-
ies,8,36 a control antibody recognizing both PAX2 and
PAX8 also stained these cells, but reacted more strongly
with ureteric bud epithelium and with differentiating epi-
thelial structures deeper in the developing renal cortex
(Figure 6A). In two WTs examined by immunohistochem-
istry, SIX1 protein was detected only in the blastemal
elements (Figure 7B). Like SIX1, SALL2 protein strongly
marked the condensing mesenchyme, but it was also
detectable at lower intensity and in fewer cells in the

differentiating epithelial structures (Figure 6C). These
findings, together with published developmental informa-
tion for several of the other genes in set C, indicate that
for many of these genes their overexpression in WTs
reflects the numerical predominance of neoplastic cells
arrested at a specific developmental stage. The compo-
sition of set C can therefore be used to establish a work-
ing model for failure of cellular differentiation in WTs
(Figure 7).

Discussion

WT has long been considered a prototype for arrested
cellular differentiation in cancer, but previous assess-
ments of the WT phenotype have relied on histology and
selected markers. The current data, from an unbiased
survey of �10,000 genes, support the general statement
that cells in WTs are arrested in their differentiation at an
early stage of metanephric development. Access to mi-
croarray data from a previous study of normal kidney
development in an animal model facilitated this interpre-

Figure 6. Immunohistochemical detection of SIX1 and SALL2 proteins in human fetal kidney and in WTs. A: Serial sections of a 20-week gestation human fetal
kidney were developed with anti-SIX1 and anti-PAX2 � 8 polyclonal antisera. SIX1 is expressed only in the earliest condensing mesenchyme (metanephric
blastema), which is seen directly apposed to the uretic bud-derived epithelium. PAX2 � 8 detects expression of these two proteins in the condensing
mesenchyme, and there is a strong signal in differentiating epithelial structures (S-shaped and comma-shaped bodies) deeper in the kidney,8,50 as well as in
ureteric bud.36 Weak cytoplasmic staining in differentiated epithelial cells is nonspecific (seen in control with secondary antibody alone). B: SIX1 is expressed
in the blastemal component of WTs (asterisks), but not in the epithelial areas (arrows). This pattern was seen in three of three cases of WT examined. In these
same cases the epithelial component stained strongly with anti-PAX2 � 8 (not shown). C: Anti-SALL2 polyclonal antiserum gives a strong and uniform signal in
the condensing mesenchyme, but cells with nuclear SALL2 are also seen at lower frequencies and with somewhat reduced staining in differentiating epithelial
structures. Ureteric bud derivatives are negative for SALL2. Weak cytoplasmic staining in differentiated epithelial cells is nonspecific. CM, condensing
mesenchyme; U, ureteric bud branches; Ep, differentiating epithelial structures; Gl, primitive glomeruli; Tu, differentiated renal tubules.
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tation.1 This emphasizes the benefits of using standard-
ized methods for microarray-based studies, and making
the primary data available through the Internet. A second
lesson of experimental design that may be pertinent for
other studies is that the direct comparison of tumor biop-
sies with whole-organ control samples, although it relies
on averaging across heterogeneous cell populations,
can still produce informative data.

Our set C was derived by an unbiased approach that
identified those genes with higher expression in WTs than
in the homologous tissue fetal kidney and the histologi-
cally unrelated tissues fetal heart, peripheral blood, and
BL. Empirically, this set of genes was strikingly enriched
in developmentally essential genes and stage-specific
markers of the metanephros, and depleted in genes with
more general functions. We have therefore used the op-
erational term “WT signature” to describe this set. But few
genes are expected to be completely tissue-specific, and
the expression of the set C genes is not restricted to WTs.
The SIX1 gene is highly expressed in some human breast
cancers and in rhabdomyosarcomas,37,38 and we found
high expression of SIX1 mRNA, as well as several other
genes from set C, in several pulmonary adenocarcino-
mas. Nor are these genes specific for normal metane-
phros: Six1 mRNA is expressed in the developing
somites,39 and Eya1 is essential both for kidney and for
inner ear and craniofacial bone development.21 By North-
ern blotting, human FZD7 mRNA is most abundant in
normal fetal kidney and in adult skeletal muscle, but it is
also detectable in fetal lung, adult heart, and placenta.40

However, in these multiple sites, these developmental
regulators play homologous functions. Eya1, for example,
is necessary for the survival of condensing mesenchyme,
both in the metanephros and in the otic vesicle.21

Disproportionately represented in set C were genes in
the PAX pathway, which included 4 of the 27 genes in this
set. Genes in the PAX-, SIX-, MOX-, and EYA-families act
together in a shared pathway for tissue growth and dif-
ferentiation. EYA-family proteins bind directly to members
of the SIX family of homeodomain proteins, and they
provide a transcriptional co-activator function.41 The ex-

pression of Six1 and Eya2 is induced by Pax3 expression
in murine myogenic stem cells,42 paralleling genetic in-
teractions that were originally described in Drosophila
eye development, with Pax (eyeless) acting upstream of
Eya (eyes absent), which in turn acts upstream of Six (sine
oculis).43,44 Pax3 acts synergistically with Eya2 to induce
muscle differentiation,39 and Eya2 also shows synergy
with Six1 in this system.39 Eya1 is required for expression
of Six2 (and probably Six1) in condensing metanephric
mesenchyme of the murine kidney, and for expression of
Six1 in the otic vesicle, suggesting positive feedback of
Eya/Six heterodimers on Six-family genes.21 There is also
evidence for positive feedback of Eya/Six on Pax
genes.45 The Mox1 and Mox2 proteins bind directly to
Pax1 and Pax3 proteins, respectively.46 Mox2 is essential
for myogenesis in mice,47 but it is not yet known whether
Mox1 is essential for kidney development.

Mice mutant for Pax2 fail to develop normal kidneys6

and provide an exaggerated model for the human hap-
loinsufficiency disorder renal-coloboma syndrome. Simi-
larly, deletion or mutation of Eya1 in the mouse germline
caused defective morphogenesis in the kidney.21,23

These mice are severe models for another human disor-
der, the brachio-oto-renal (BOR) syndrome, which is be-
cause of EYA1 haploinsufficiency and which is associ-
ated with renal dysgenesis, inner ear defects, and
craniofacial abnormalities.22

Although there is no evidence that it acts in the PAX
pathway, the Sall1 gene, closely related to Sall2, is also
essential for kidney development.27 Mouse embryos
lacking this gene are an exaggerated model for a human
genetic syndrome, Townes-Brocks syndrome, that is as-
sociated with renal hypoplasia and other developmental
abnormalities because of heterozygosity for mutations in
SALL1.26 SALL2 was included in set C, but our analysis
did not identify SALL1 in either set A or set C, even
though this gene has been reported as overexpressed in
WTs.48 A probe set querying SALL1 is present on the
HG-U95A microarray, and examination of the data
showed that this gene is indeed highly expressed in
some, but not all, WTs (not shown). This intertumor vari-
ability explains the lack of inclusion of this gene in set C.

Optimally, conclusions about the stage of differentia-
tion in WTs should be based on large panels of markers.
Our analysis has identified a well-studied marker, PAX2,
and several new ones with informative expression pat-
terns in the normal fetal kidney. Eya1 is expressed only at
the earliest stage of commitment of the metanephric mes-
enchyme to the epithelial-mesenchymal transition, as in-
dicated by in situ hybridization in developing mouse kid-
neys.21,49 Pax2 is also most highly expressed in this early
condensing mesenchyme, but in both mouse and human
Pax2 mRNA is also detected at lower levels in later mes-
enchyme-derived structures (comma- and S-shaped-
bodies) and in ureteric bud.8,50 Like Eya1 and, as we
have shown, SIX1, the Hoxa11 gene is a specific marker
for the earliest committed metanephric mesenchyme.25

The murine Bf2 gene (human orthologue HBF2) is ex-
pressed in the primitive stromal cells of the metanephric
kidney,24 so this gene does not fit the pattern of Pax2,
Eya1, Hoxa11, and Six1. In this regard, it may be relevant

Figure 7. Differentiation arrest in WTs inferred from gene expression pro-
filing. A schematic of the normal metanephric differentiation program is
shown. The neoplastic blastema, which comprises the bulk of many WTs, is
arrested at the position indicated by the gray box, and relevant WT signature
genes are indicated. The single bar indicates a partial differentiation arrest
in WTs, and the double bar indicates a full block of differentiation. Paren-
theses indicate low but detectable expression. UB indicates the inductive
interaction with the ureteric bud.
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that of the genes in set C, HBF2 showed the greatest
variability in expression among the different cases of WT
(Figure 5B). This may be because WTs can contain vary-
ing proportions of stromal-lineage cells, but two technical
problems, namely variable composition in different areas
of the same tumor and lack of an effective anti-HBF2
antibody, have prevented us from testing this.

Although we have focused on transcription factors, a
number of the other genes in set C are likely to affect the
mesenchymal-epithelial transition. The Wnt pathway and
frizzled-family receptors, such as FZD7, were mentioned
above. Another crucial signaling pathway in metanephric
development is mediated by ligands in the bone morpho-
genetic protein (Bmp) family and requires sulfated gly-
cosaminoglycans in the extracellular matrix.51,52 So, the
presence of a carbohydrate sulfotransferase gene,
CHST1, in set C is not surprising.

A working model for differentiation arrest in WTs,
shown in Figure 7, is consistent with the available data. In
this model, WTs arise from a primitive mesenchymal cell
that is capable of differentiating in the stromal and epi-
thelial directions. A differentiation block, which is partial,
is present at the transition from committed mesenchyme
to early epithelium. This is consistent with the accumula-
tion in most WTs of an abundant blastemal component
that expresses PAX2, SIX1, EYA1, SALL2, and HOXA11.
Primitive epithelial structures can form in WTs from the
cells that succeed in passing this block, but these are
often a minority of cells. Cadherin genes are useful mark-
ers for the successive stages of epithelial differentiation,
with cadherin-11 being widely expressed in both naı̈ve
and committed metanephric mesenchyme, and cad-
herin-6 and E-cadherin expressed in successively more
mature epithelial structures.53 E-cadherin appeared in
our set B (supplementary data), and consistent with our
model, the microarray data ranks the expression of these
genes in WTs in the order cadherin-11 � cadherin-6 �
E-cadherin (data not shown).

What might be the functional importance of the signa-
ture genes that we have identified? There is no evidence
that genes in set C play a primary role as proto-onco-
genes in initiating Wilms’ tumorigenesis, but they may
have essential downstream functions. In particular, be-
cause mutations of several of these genes cause renal
hypoplasia or aplasia because of failed proliferation of
nonneoplastic metanephric mesenchyme, and because
additional set C genes act coordinately in these same
pathways, these genes may also be required to maintain
cell survival and proliferation in the blastema of WTs.
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